A thermal emitter with selective wavelength has been demonstrated in which the dielectric layers formed one-dimensional photonic crystals are sandwiched between two Ag films. The top Ag film is perforated periodically with hexagonal hole array. The selected thermal radiation of the photonic crystals resonates between two metal films and surface plasmon polaritons are generated on the top Ag and converted to light radiation. It is found that when leakage modes adjacent to the optic band gap of photonic crystals meet the resonant modes of surface plasmom polaritons, an enhanced thermal emission with maximum intensity can be obtained. The hybrid photonic and plasmonic thermal emitters are selective, which should be very useful for the creation of high power infrared light sources.
I. INTRODUCTION
Photonic crystals ͑PCs͒ are structures with periodically modulated refractive indices. 1 At certain arrangements, PCs display frequency gaps forbidden for propagation of electromagnetic waves, so-called photonic band gaps ͑PBGs͒, which can be used to strongly localize electromagnetic waves to specific areas, to inhibit or enhance spontaneous emission, and to guide propagation of electromagnetic waves along certain directions at restricted frequencies. The ability of PBGs to modulate photonic density of states and hence modify spontaneous emission rates in PCs open tremendous possibilities for designing thermal sources. One-dimensional PCs, for example, can significantly suppress thermal radiation for a range of frequencies ͑in the band gap͒ while enhancing radiation outside the band gap [2] [3] [4] and have been exploited to develop resonant-cavity enhanced 5 coherent thermal emitters [6] [7] [8] and omnidirectional reflectors. [9] [10] [11] [12] [13] Surface plasmon polaritons ͑SPPs͒ are longitudinal waves that propagate along the surface of a conductor. [14] [15] [16] [17] Metal films with two-dimensional subwavelength periodic perforated hole arrays exhibit extraordinary optical transmission and have been studied and demonstrated in our group. [18] [19] [20] [21] They have potential applications in a great deal of optoelectronic devices such as wavelength selective quantum dot infrared photodetectors 22 and midinfrared narrow-band plasmonic thermal emitters. 23 In this study, we combine both exciting research fields of PCs and SPPs and design a thermal emitter with selective wavelength. The underlying mechanism behind this deviced emitter is based on the resonant coupling between the leakage modes of PC and SPP eigenmodes. This finding may open up a new route for the future development of optoelectronic devices.
II. EXPERIMENT
To implement our design concept that PBG is adjacent to SPP resonant modes, the periodical SiO 2 / Si multilayers were fabricated to serve as PCs. The numerical solution of PBGs derived from Maxwell equations was obtained by the transfer matrix method. 5, 11, 24, 25 Because of the periodical characteristic, the solution can be simply described by Bloch function. Based on the theoretical calculation, we can therefore design PCs having PBGs with a desirable wavelength. In our fabrication, we first used a thermal evaporating system ͑ULVAC͒ to deposit 5 nm Cr as adhesive layer and a 100 nm Ag thin film on a single polished n-type silicon substrate. There was also an adhesive layer of 5 nm Ti on Ag film. A multilayer structure with periodic refractive indices was fabricated by e-gun evaporation because of the high melting point of SiO 2 and Si. The first layer of stacked PCs was about 700 nm SiO 2 and the second layer was about 300 nm Si. After five pairs of SiO 2 / Si, we deposited 700 nm SiO 2 as the top layer of PCs. The photoresist was spun on the PCs and the hexagonal pillar array was defined and stood by photolithography. Then, 5 nm Cr and 100 nm Ag were deposited and then lifted off. After that, the patterned perforated Ag film was presented on top of the PCs. In order to heat the structure, we sputtered 300 nm Mo on the bottom of Si substrate. Finally, the thermal emitter was completed after the preceding processes. Figure 1͑a͒ is the typical scanning electron image of cross section of PCs. The lattice constant of hexagonal hole array is 5 m and the diameter of hole is 2.5 m which are shown in Fig. 1͑b͒ . A more detailed structure of our devices is plotted in Figs. 1͑c͒ and 1͑d͒ .
In the measurement of reflectance spectra, a Bruker IFS 66 v/s system was adopted with reflecting module which can vary the incident angle from 12°to 65°. The wave number resolution of the measurement was 8 cm −1 . The measurement of thermal radiation spectra is collected by a Perkin Elmer 2000 Fourier transform infrared spectrometer system. 
III. RESULTS AND DISCUSSION
The measured reflectance spectra of PCs set at an angle of 12°was shown in Fig. 2͑a͒ . There is a PBG between the wavelength of 3.7 and 6.4 m, in which light is entirely reflected. For the wavelength longer than 6.4 m, there exist several leakage modes showing that light is absorbed and leaks to PCs. The absorption peaks in the reflectance spectrum of PCs give us a hint that the leakage modes can serve as good resonant cavities as well as good thermal radiators when we heat the structure. The leakage modes existing in the edge of PBG act like defect modes in which light can travel in the PCs. They are also passbands that divide different PBGs. The splitting at large wave vectors arises from the intrinsic property of photonic band structure as demonstrated by the theoretical calculation published previously. 5 The energy dispersion relation of PCs obtained from reflectance spectra of varied incident angles is also shown in Fig. 2͑b͒ . The white band from 0.19 eV ͑wavelength 6.4 m͒ to 0.34 eV ͑3.7 m͒ is the PBG, which can be theoretically predicted from the previous reports, 5,9,11 and the leakage modes split up into two modes at larger k x . Figure 2͑b͒ is a measured result obtained from various incident angles from 12°to 65°with various wavelengths of k x = ͑2 / ͒sin , and reflectance intensities are described in the contrast of black and white colors. For consistency, Fig. 4 shown below is also obtained by the same method. We next consider the theoretical calculation of surface plasmon ͑SP͒ eigenmodes. In a two-dimensional hexagonal lattice, the momentum conservation law of SPs is written by 
where k sp is the SP wave vector given by
where is the frequency of the SP that is excited by the incident light of frequency , k x = ͉k 0 ͉sin , ͉k 0 ͉ =2 / is the wave vector of the incident light, and is the wavelength of the light in vacuum. is the incident angle with respect to the normal direction of the surface. 1 and 2 are the dielectric constants of the insulator SiO 2 and metal Ag, respectively. G x and G y are the reciprocal lattice vectors of hexagonal lattice with G x = ͑4 / 3 1/2 a͓͒͑1 / 2͒x + ͑3 1/2 / 2͒y͔ and
, where a is the lattice constant and i and j are integers. For normal incident light, =0 0 and k x = 0, Eq. ͑1͒ reduces to
.
͑3͒
The real parts of the dielectric constants of Ag at 6.3 m are −1.34ϫ 10 3 . 26 For the dielectric constant of SiO 2 at this wavelength, we adopt the theoretical calculation given by Collin et al. 27 which dealt with the coupling strength of SPs in a metal/dielectric/metal structure. According to their work, the equation of the effective refractive index of the transverse magnetic mode in a thin dielectric layer sandwiched by two metal layers is given as follows:
where w is the thickness of intermediate dielectric layer and is the wavelength in free space. The calculated effective refractive index for the SiO 2 layer with a thickness of 100 nm is 1.54. Therefore, the theoretical calculation for the degenerate Ag/ SiO 2 mode is 6.6 m, which is close to our experimental value located at 6.3 m ͑0.19 eV͒ shown in Fig. 5͑a͒ .
The hexagonal hole array has two specific directions along ⌫M and ⌫K when we measured the energy dispersion relation of SPPs. For the ⌫K direction, the measured reflec- Fig. 3͑b͒ . The spectrum displays an intriguing behavior with many fine structures, arising from the coupling between the leakage modes of PCs shown in Fig. 2͑a͒ and the SPP modes shown in Fig. 3͑a͒ . In order to get the energy dispersion relation of SPPs, we have measured the reflectance spectra covering the incident angle from 12°to 65°shown in Figs. 4͑a͒ and 4͑b͒ . Figure  4͑a͒ displays the energy dispersion relation along ⌫K direction for device A. The dark lines show the absorption sinks arising from SPP modes. The four Ag/ SiO 2 modes are degenerate at about 0.19 eV and split from 12°to 65°. Figure  4͑b͒ is the energy dispersion relation along the ⌫K direction for device B. A lot of interference patterns such as waves can be clearly seen. The couplings between the leakage modes of PC and SPP modes are more complicated and split from 12°t o 65°. This is because the dielectric constants are real numbers in substrate SiO 2 and Si and are complex numbers in metal Ag. Besides, in Fig. 4͑b͒ , we can clearly see that when the leakage modes of PCs overlap with SP modes, the dispersion relation is split at the cross points such as at the ͑0,1͒ ͑1,Ϫ1͒ mode. We have performed a theoretical calculation based on Eq. ͑3͒ and the result is shown in Fig. 4͑c͒ to confirm the energy dispersion relation diagram observed in Fig. 4͑a͒ .
The device B is heated by sending electric current through the back Mo metal on Si substrate. The bottom 100 nm Ag film has very small emissivity that generates very small blackbody radiation, yet it can completely block the background radiation from the Si substrate and heat the PC layers. The selected thermal radiation generated in the SiO 2 / Si layers resonates between the two metal film PBGs and Ag/ SiO 2 SPPs are induced and then converted to light radiation. The emission spectra are measured at different temperatures from 25 to 200°C and the peak intensities are gradually simultaneously enlarged, but without changing the position shown in Fig. 5͑b͒ . The spectra of device A are shown in Fig. 5͑a͒ for comparison. We can clearly see that the spectra of device B contain many more features than those of device A. The pronounced peaks appearing in the spectrum of device A can be easily understood based on the coupling between SPPs and SiO 2 epilayer if we compare the spectra between Fig. 3͑a͒ and Fig. 5͑a͒ . For comparison the emission spectra of the PC in the absence of the hole array, i.e., the device without top Ag film, have been performed and shown in Fig. 5͑c͒ . The observed emission peaks do obey the reflectance spectra shown in Fig. 2͑a͒ . We can see that without the top Ag film of SPP structure, the emission spectrum behaves like a blackbody radiation, and most of energy expenses at long wavelengths with broad bands, which is not an efficient thermal emitter.
We now examine the complicated structures contained in device B as shown in Fig. 5͑b͒ . Because of the formation of photonic stop bands in PCs, the PBGs inhibit thermal emission arising from the dielectric layers in the range of 3-8 m, including the largest PBG from 3.7 to 6.4 m and other smaller PBGs occurring at different wavelengths divided by leakage modes. But, the resonant coupling between SPP and PBG modes can open leakage modes to serve as good light path for thermal radiation. Comparing with the coupling modes between SPPs and PBGs in the reflectance spectra shown in Fig. 3͑b͒ , it is clear that there exists an excellent one-to-one correspondence. It implies the important role in the assistance of thermal emission played by leakage modes in PBGs and SPPs. Quite interestingly, it is found that the resonant coupling between PC and SPP modes at 6.6 m has the maximum intensity in the emission spectra. The evidence is also presented in Fig. 3͑b͒ . The thermal energy is not large enough to excite the universal maximum sink mode at 3.4 m but can excite the local maximum sink mode at 6.6 m. It provides a distinctive evidence showing that when PC leakage modes coincide with SPP modes, the maximum light radiation efficiency in a thermal emitter can be obtained. This mechanism should be very important to create high efficiency thermal emitters with selective wavelength. In the comparison of devices A and B, the 6.6 m peak intensity in device B is less than the 6.3 m peak intensity in device A. The main reason is that the structure of PCs opens several emission channels around the 6.6 m peak. If we need a higher intensity of emission, we may heat the device B at higher temperature without changing the peak positions. Another possibility to improve the emission efficiency is to put a thick defect layer on the bottom of one-dimensional PCs and increase the thickness of one SiO 2 layer upon the bottom metal film. In terms of emission efficiency, the defect modes in the middle of PBG are more effective than the leakage modes in the edge of PBG.
IV. CONCLUSIONS
In conclusion, we have demonstrated a thermal emitter with selective emission wavelengths. The underlying mechanism of the deviced thermal emitter is based on the resonant coupling between leakage modes of PCs and SPPs. It is found that when the PC leakage mode directly meets the SPP resonant mode, the thermal radiation has the maximum efficiency. Therefore, through a proper design, it is possible to achieve a strong thermal emission with a desirable wavelength. Our approach may open up a new possibility to obtain high temperature operated, narrow bandwidth, and high power infrared light sources.
